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Abstract—A systematic method for generating radiation null region in 
the radiation pattern of periodic leaky-wave antennas is proposed using the 
theory of effective radiation sections. In this method, the aperture field is 
expanded into spatial harmonics using the mode expansion method, and 
the effective radiation sections of the harmonics are studied. Based on this, 
the radiation null region is introduced by suppressing the radiation of the 
effective radiation sections corresponding to the radiating mode. The 
proposed method is applied to a periodic-strip leaky-wave antenna. The 
validity of the proposed method is verified by both simulated and 
experimental results, showing an obvious radiation null in the prescribed 
angular range. This method has the advantages of easy calculation and 
implementation, and has little influence on the gain and beamwidth. It is 
illustrated that only simple modification to the antenna structure is needed 
to achieve nulling. 
Index Terms—Effective radiation sections (ERSs), mode expansion, 
periodic leaky-wave antenna, radiation null. 
I. INTRODUCTION 
With the rapid development of wireless communication systems 
and radar systems, leaky-wave antennas (LWAs) have attracted 
increasing attention due to their inherent advantages of high gain, 
low profile, and low cost [1]. For certain applications, LWAs are 
required not to transmit or receive signal in certain directions in 
order to avoid unfavorable interference in these directions. To meet 
this requirement, a radiation null region is required in the radiation 
pattern. 
There have been extensive investigations on the methods of 
generating radiation null region for uniform LWAs. For instance, for 
a LWA with long slot, tapered slot can be used to generate radiation 
null [2]. By tapering the slot continuously and accurately, the 
leakage constant and phase constant were simultaneously 
manipulated using a modified iterative Fourier technique, and then a 
wide and deep radiation null region can be achieved. In [3] a 
holographic design algorithm was proposed to control the complex 
aperture field of LWA, and was applied to the synthesis of radiation 
pattern with radiation null. In [4] a technique for generating 
prescribed radiation pattern was presented by adopting the Orchard-
Elliott method, and was applied to a leaky-wave impedance surface 
to achieve radiation null. In [5] and [6] a transmission line model and 
global optimization method were proposed for high accuracy in 
pattern synthesis for LWA to realized null. Similar approach can also 
be used to achieve lower side lobe levels (SLL) [3]-[8]. Note that all 
the mentioned methods were applied to the LWAs with continuous 
line-source radiation apertures. Also, some of the methods can be 
utilized to the modulation of periodic LWAs for pattern synthesis 
[9]-[11]. On the other hand, LWA can be treated as an antenna array 
of approximated elementary radiators with a short sampling distance 
[12]-[14], so the existing array techniques [15]-[17] might be useful 
to synthesize radiation patterns of LWAs. As originally explained in 
[2], [11]-[14], the condition is that the sampled elementary radiators 
that form the discretized LWA aperture are not independent, but they 
have coupling effect from the leaky mode. The LWA can be tapered 
or modulated, but in a slight or smooth manner to avoid unwanted 
radiation due to strong discontinuities (reflected and diffracted 
waves). Thus one must satisfy these conditions of a smooth tapered 
leaky wave in order to directly relate the radiation pattern of a 
modulated LWA with its geometry from the leaky-mode perspective. 
The existing pattern synthesis methods for antenna arrays (which 
also have periodic structures) cannot be adopted directly for periodic 
LWAs, such as the iterative FFT [15], convex optimization [16] and 
stochastic optimization algorithms [17, 18]. The main reason is that, 
since the operation of periodic LWAs is based on travelling waves, it 
is difficult to control the phase and magnitude independently and 
arbitrarily in one periodic cell in the way one deals with antenna 
arrays [15]-[18]. Therefore, there is a need to find effective ways to 
realize nulling for periodic LWAs. 
In this paper, a method based on the effective radiation sections 
(ERSs) [19] is developed for generating radiation null for periodic 
LWAs. The concept of ERSs provides a new insight into the 
radiation mechanism of uniform traveling-wave structures. It 
demonstrates that, for any given direction, the far field of a traveling-
wave structure can be calculated by the ERSs while other sections 
have little contribution. In [20] a low SLL and a radiation null region 
were achieved for a uniform slot LWA by adopting the ERS method. 
In [21] a half-mode substrate integrated waveguide was presented 
with radiation null using ERS method. However, both of the designs 
in [20] and [21] were based on uniform LWAs with continuous 
radiation apertures. In [22], a preliminary study on the constituents 
of the near field of a periodic-slotted leaky waveguide is presented. 
In this paper, we report a systematic method for generating radiation 
null in the radiation pattern of a periodic LWAs from the perspective 
of ERS. A periodic-strip LWA with high-gain pencil beam is 
developed, and a radiation null in prescribed direction is realized by 
controlling the ERSs of the radiating mode. This method has little 
influence on the gain and beamwidth, and only needs simple 
structural modifications to achieve pattern synthesis. 
This paper is organized as follows. In Section II, using a leaky 
wave structure of periodic metal strips printed on a grounded 
substrate, the mode expansion method and the concept of ERSs are 
described in detail, and the method of generating radiation null for 
periodic LWA is developed. In Section III, the result of mode 
expansion is given, and a periodic LWA with radiation null in the 
pattern is designed and fabricated. The measured results are given to 
verify the antenna performance. Finally, Section IV concludes the 
paper. 
II. CONFIGURATION AND THEORY 
The basic configuration of the developed LWA is shown in Fig. 
1(a). It is implemented on a two-layer substrate of Rogers RT5880 
laminates, with dielectric constant of 2.2 and total thickness of 3.15 
mm. The thickness of the copper layer is 18 μm. The antenna is 
composed of two parts: the first part is the feeding structure, 
consisting of a planar parabolic reflector (with profile expression x2 
= 4Fz), a coaxial feeding probe (with height of 1.9 mm) and an 
inductive reflective post (connecting the top and bottom metal 
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plates), which operates based on the parabolic reflector principle 
similar to that in [23] and our previous work in [24]; the second part 
is a one-dimensional structure of periodic metallic strips. There are 
30 periods in total, and the center of each period is set at the center 
of the slot. The width of the last strip is only half the width of the 
other strips to maintain the same period length P. The phase 
distribution along each slot is uniform due to the same phase 
distribution at the aperture of the parabolic reflector. The ground 
covers the whole bottom of the substrate. The structural parameters 
in Fig. 1 are (mm): d = 3.0, F = 30.3, P = 6.5, s = 2.0, W = 136, and 
L = 252.5. The E field inside the dielectric is mainly polarized in y 
direction, whilst at the slot the E field is mainly polarized in z 
direction, as depicted in Fig. 1(b). 
The radiation property of the presented periodic LWA is analyzed 
using the model shown in Fig. 1(b). The upper half space in yoz 
plane is divided into two regions (named Region I and Region II) by 
an artificial boundary line above the structure with height y0 = 0.5 
mm. The field EI in Region I is calculated with the full-wave method. 
The field EII in Region II can be expressed as the following 
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where k0 is the propagation constant in free space, n represents the 
nth spatial harmonic (SH), An and Bn are unknown coefficients. βzn 
and βyn are the propagation constants of the nth SH in z and y 
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where βz,0 represents the phase constant of the fundamental mode in 
the periodic structure. 
Continuity of the tangential components of the fields must be 
satisfied on the artificial boundary. Considering the structural 
characteristics, the component Ex on the boundary is so weak that it 
can be ignored for simplicity, and only the component Ez needs to be 
taken into account, that is 
0z z y y
E E 
Ⅱ Ⅰ                                       (3) 
Then by picking up sample points at (2N+1) nodes uniformly 
distributed in z direction within one period, the unknown coefficients 
An and Bn can be achieved using the matrix solving method in [22], 
and hence each SH can be determined using Eq.(1). 
Based on the above analysis on mode expansion, we present a new 
method for generating radiation null region in the radiation pattern of 
a periodic LWA by controlling the radiation strength of ERSs 
corresponding to the radiating mode. Firstly, the calculation of 
radiation for the periodic LWA starts from the equivalent magnetic 
current JMx,n corresponding to each SH, which can be expressed as 
    ,, , 0 z nj z zMx n Mx nJ z J e e                               (4) 
Since only the component Ez is considered, the equivalent magnetic 
current (JMx in Fig. 1(a)) has only x component, and propagates in z 
direction. In addition, because the magnitude of each SH is 
proportional to the magnitude of the total periodic field at the 
antenna aperture, all the SHs have the same attenuation constant α. It 
is worth noting that although the leakage rate is varied periodically 
in z direction due to the structure periodicity, α can still be defined as 
the average attenuation constant per unit length. So the radiation of 
the periodic aperture field can be achieved using the integrations of 
all the magnetic currents as in Eq.(5). 
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 , r represents the 
field point in the far field region, and P0 is the incident power. 
Although all the SHs have been considered in Eq.(5), in fact the far 
field is dominated by the terms of radiating modes, while the other 
terms of integrations have little contributions due to slow-wave 
properties. 
The ERSs have already been applicable for the analysis of uniform 
travelling wave structures [20], [21]. However, it cannot be adopted 
straightforwardly for a periodic structure. The periodic aperture field 
can be expanded into infinite terms of SHs, and each SH can be 
regarded as a travelling wave, as expressed in Eq.(5). Therefore, in 
this way the ERSs can be applied to each SH. Based on this principle, 
the total radiation of a periodic aperture field is expressed in Eq.(6) 
as a summation of the radiations of all the SHs, in which Le0,n and 


































Fig. 1. Configuration of the one-dimensional periodic structure. (a) Top view. 
(b) Sectional view of the periodic metal strips. (Not to scale). 
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SH, according to the definition in [19], and αERS is the attenuation 
constant on the ERSs. In fact the first term in Eq.(6) represents the 
radiation of ERSs, while the second term represents the radiation of 
other sections. If αERS = α, the summation of the two terms is exactly 
the same as Eq.(5). If αERS < α, it means that a suppression is 
imposed on the ERSs, generating smaller radiation strength on the 
ERSs than that on other sections. Particularly, if αERS = 0, the 
radiation of ERSs will be completely eliminated. 
In Eq.(6), it is worth noting that not all the SHs are radiating 
modes. Suppression on the ERSs of slow-wave modes will have 
weaker effect on the far field radiation when they have smaller ERSs 
than that of radiating modes. Under this condition, the manipulation 
on the radiating modes will have dominant impacts on the radiation 
pattern. By suppressing the ERSs of the radiating mode in a specific 
direction, a radiation null region is expected to be generated in this 
direction. In this paper the n = -1 SH is set to be the only radiating 
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Thus in Eq.(6) only the term of n = -1 SH needs to be considered. If 
the n = -1 SH can be controlled, the overall radiation of the antenna 
can be controlled as well since all the other modes are non-radiative 
except the n = -1 SH. 
It is worth mentioning that, generally speaking, the n = -1 SH 
cannot be controlled independently because it is part of the total 
periodic field, and it cannot exist independently of the other SHs. So 
the manipulation on the n = -1 SH needs to be achieved through the 
control of the total periodic field, which has an effect on all the other 
SHs. 
III. RESULTS AND DISCUSSION 
In this paper the simulation is conducted using the commercial 
software CST Microwave Studio. The period length P of the strips is 
set to be 6.5 mm. A design at 23 GHz is selected as an example to 
demonstrate the method for generating radiation null. Through the 
full-wave simulation, the phase constant βz,0 and the attenuation 
constant α of fundamental mode at 23 GHz are obtained, which are 
βz,0 = 665 rad/m and α = 9.1 Np/m. Under this condition, it can be 
inferred that the mono-harmonic radiation condition in Eq.(8) is 
satisfied. 
A  Aperture Field Expansion by Mode Method 
Although the mode expansion method in Section II is rigorous 
only for the case without any attenuation along the structure (α = 0), 
it can still be approximately adopted due to the small attenuation in 
the real model (α/k0 = 0.019, k0 = 482 rad/m). Then using the 
presented method, the simulated aperture field of the periodic LWA 
is expanded into SHs. We set N = 25 to ensure that the sampling 
density of the aperture field is sufficient for the computational 
accuracy of the mode expansion method. Then the magnitudes of all 
the SHs are achieved, as shown in Fig. 2(a). It is worth noting that 
the height y0 of the artificial boundary line is set to be 0.5 mm, which 
is helpful to obtain more information of higher-order SHs than that 
by setting a higher y0, since higher-order SHs are usually bounded 
modes. It can be seen that the n = -1, and n = 0 SHs have larger 
magnitudes than the other SHs, demonstrating that they possess more 
power than the other SHs. However, only the n = -1 SH is a radiating 
mode, while all the other SHs are bounded modes. Therefore, it is 
inferred that most power is being carried by the bounded modes 
propagating along the antenna surface, while the power carried by 
the n = -1 SH is being leaked out to the free space. On the other hand, 
if the aperture field is observed at a varied height y0, the magnitudes 
of four SHs (n = -2, -1, 0, +1) are depicted in the Fig. 2(b). It is 
illustrated that the near field is contributed mostly by the lower order 
SHs. When the observation height y0 increases, the magnitudes of 
bounded modes will decrease dramatically, while the magnitude of 
the radiating mode (n = -1) keeps almost unchanged. Therefore, the 
far field is dominated by the radiating mode. In addition, it can be 
inferred that if the ERSs of the radiating mode can be manipulated, 
the total radiation of the antenna can be controlled as well. 
B  Generation of the Radiation Null Region 
According to the above analysis, the far-field radiation of the 
periodic LWA is mainly generated by the ERSs of the n = -1 SH. 
Therefore, by suppressing the ERSs of the n = -1 SH, the far-field 
radiation around a specific direction can be depressed, and hence a 
radiation null region is expected to be generated. 
The procedure of the method is illustrated as follows: 



















































 n = -2    n = 0
 n = -1    n = 1
 
(b) 
Fig. 2. Magnitudes of the SHs. (a) Magnitudes of SHs at the height y0 = 0.5 
mm. (b) Magnitudes of four SHs as functions of the height y0. 
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(1) The phase constant for the basic mode is achieved from full-
wave simulation, that is βz,0 = 665 rad/m. The phase constant βz,n of 
each SH is calculated by substituting βz,0 into Eq.(2). 
(2) The ERSs for the SHs are calculated using Eq.(4) in [19], and 
the results as a function of the observation angle θ are achieved, as 
shown in Fig. 3. The ERSs of the n = -1 and n = 0 SHs are shown, 
and we can know all the information including the length (Le) and 
location (Le0) of ERSs for these SHs. It can be seen that the ERS for 
the n = -1 SH is much larger than that for the n = 0 SH, especially 
around the main beam direction, since the main beam is generated by 
the n = -1 SH (the main beam direction is θ = 128.6°, which is 
consistent with the result using θ = arccos(βz,-1/k0)). However, the 
ERSs of the n = 0 and n = -1 SHs are comparable in the angular 
range from 60° to 80°. Therefore, it can be indicated that when the 
observation angle θ is smaller than 60°, the n = 0 SH with larger 
ERSs has greater contribution to the radiation than that of the n = -1 
SH. On the other hand, the radiation will be mainly contributed by 
the n = -1 SH when θ is larger than 80°. 
(3) Assume that the desired radiation null region is around the 
direction θ = 73.3°. Then according to Fig. 3 we can know the 
location and length of the ERSs for the n = -1 SH, that is Le0 = 4.70 
mm and Le = 2.44 mm corresponding to the direction θ = 73.3°. By 
reducing the leakage constant αERS of the ERSs, we can introduce a 
null region into the radiation pattern. Fig. 4 (a) shows the results 
obtained by considering only the term of n = -1 in Eq.(6), whilst in 
Fig. 4 (b) both of the n = -1 and n = 0 SHs are considered. It can be 
seen that when αERS is reduced, an obvious null region occurs in both 
(a) and (b). The null depth gets deeper as αERS decreases, and the 
maximum depth can be achieved when αERS is zero, since the 
radiation of the ERSs of the n = -1 SH corresponding to this angle is 
completely suppressed. However, due to the influence of the 
radiation from n = 0 SH, the radiation null in Fig. 4 (b) is not so 
good as that in Fig. 4 (a), especially in small angle θ < 70°, since in 
this range the contribution of the n = 0 SH cannot be ignored, as 
already claimed in procedure (2). 
Note that all the above analysis is based on the theoretical models 
of ideal magnetic currents, and the results are achieved using the 
theoretical formulae. In the following section, a practical periodic 
LWA will be designed using the proposed method. 
C. Application to a Practical Periodic LWA 
Based on the above theoretical results, in this section the method 
for generating a radiation null in the radiation pattern is applied to a 
practical periodic LWA. As mentioned earlier, the n = -1 SH is just 
one component of the periodic aperture field, and cannot be 
manipulated independently of the aperture field. So the manipulation 
is imposed on the whole aperture field by changing the structure, and 
in this way the n = -1 SH can be changed along with the total 
aperture field. Thus, first we need to find the location of ERSs in the 
antenna structure (in Section III-B we know that Le0 = 4.70 mm and 
Le = 2.44 mm). Fig. 5 shows the relationship between the ERSs and 
the periodic structure. It can be seen that the ERSs locate closely to 
the two ends of the structure but not at the ends. The first and last 
slots are included in the ERSs regions. Therefore, it can be inferred 
that if the widths of the first and the last slots (represented with s´ in 
Fig. 5) are simultaneously reduced, the aperture fields at these two 
slots can be suppressed to some extent, resulting in a reduced 
magnitude of the n = -1 SH at these locations. 
Although the location and width of the slot do not exactly match 
with the ERS locations, it still has effect on the generation of 
radiation null. Fig. 6 shows that the radiation patterns of gain with 
varied width s´ for the first and last slots, obtained by the full-wave 
simulation using CST. It can be observed that when s´ decreases 
from 2.0 mm to 0.4 mm, the radiation strength within the angular 
range around θ = 73.3° is depressed, and a radiation null region 
occurs. A maximum reduction of 19 dB is obtained in the radiation 
null region when s´ = 0.4 mm. Meanwhile, the method has little 
influence on the gain and beamwidth of main beam. The gain is 29.3 
dB when s´ = 0.4 mm. However, since deeper radiation null requires 
narrower slot width s´, there might be a trade-off between the 
specification and implementation based on abrupt variation of 
structure and practical processing precision, which is similar to the 
case in [2]. 
It is worth noting that in theory the SH is derived from a periodic 
field that is infinitely long with identical magnitudes in all the 
periods, and with the same phase difference between any adjacent 
periods. Therefore, an ideal SH is a uniform plane wave with 
infinitely long aperture, and without any attenuation or suppression 
along the aperture. However, the method in this paper is proposed 
for antennas with finite apertures, and is developed based on the 
assumption that the strength of SH can be manipulated in some 
specific locations. That is because the ERS method can be used for 
any travelling-wave structure with finite length, and the SH modes 
can be approximately regarded as travelling waves. Although this is 
different from rigorous mathematic solutions, it shows good result of 
radiation null in the radiation pattern of a practical design of periodic 
LWA. 
According to Fig. 6, the LWA with s´ = 0.4 mm for the widths of 
the first and last slots is selected as the final design. It is fabricated 
 
Fig. 3. The ERSs of different SHs as functions of angle θ. 
 
 
(a)                                                     (b) 
Fig. 4. The normalized radiation pattern with different αERS. (a) only 
considering the n = -1 SH (b) considering both of the n = -1 and n = 0 SHs. 
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through PCB processing, and another antenna (all the slots have the 
same width) are also fabricated as an original design for comparison. 
The photographs of the fabricated antennas are shown in Fig. 7. The 
reflection coefficients of both antennas are depicted in Fig. 8. It can 
be found that both the original antenna and the new design with 
radiation null have similar frequency bands from 21.5 GHz to 30 
GHz. The measured results are also given, showing a slight shift to 
higher frequency. It may be caused by the slight fabrication error, 
and particularly there may be some effects of parasitic parameters at 
the probe feeding point inside the parabolic structure, which will 
lead to frequency shift. 
The measured radiation patterns of gain in E plane (yoz plane) at 
23 GHz are shown in Fig. 9. A radiation null region can be clearly 
observed within the angular range around θ = 73.3° in the pattern of 
the presented LWA, which demonstrates the validation of the 
proposed method. The measured gain for the original LWA is 28.5 
dBi with a 3dB beamwidth of 5.0°, while the measured gain is 28.1 
dBi for the proposed LWA with radiation null, with a 3dB 
beamwidth of 5.3°. Therefore, the gain and beamwidth are not 
significantly influenced by the proposed method. Fig. 10 depicts the 
measured radiation patterns in H plane, which is an inclined plane 
including the maximum radiation direction. It can be seen that the 
pattern in H plane has little change after the radiation null region is 
produced. However, a slight increase of SLL can be observed, which 
might be caused by the abrupt variation of structure. The 3dB 
beamwidth is increased from 5.0° (original LWA) to 5.2° (the LWA 
with radiation null) in H plane. In addition, it can be indicated that 
the presented antenna has a high gain pencil beam. The antenna 
efficiency is 90.2% for the original LWA, and 89.0% for the LWA 
with radiation null. Therefore, in a summary, the validation of the 
developed method for generating radiation null for a periodic LWA 
has been verified by the simulated and measured results. The 
developed method has the advantages of little influences on the gain, 
beamwidth and antenna efficiency, and only simple modification on 
the structure is needed to achieve the radiation null. It is worth 
noting that the method is developed for synthesis of radiation null in 
E plane of the antenna, but not in the H plane. It is more interesting 
to create radiation null in E plane of the LWA where the higher-
order radiation lobe level is usually higher than that in H plane. In 
addition, the developed method is executed in a “tapering” manner to 
periodic unit cells. This “tapering” is independent on the nature of 
the LWA, which can be uniform, quasi-uniform or periodic. 
IV. CONCLUSION 
In this paper, a systematic method of generating radiation null for 




reduced slot width s´ 
for the first and last slots 
 
(b) 
Fig. 7. Photographs of the fabricated LWAs. (a) original LWA. (b) proposed 
LWA with narrower slot width s´ for the first and last slot. 
 
























 original LWA (simulated)    proposed LWA (simulated)
 original LWA (measured)     proposed LWA (measured)
 
Fig. 8. Simulated and measured reflection coefficients of the original LWA 



















Fig. 5. The location of ERSs in the periodic LWA. 
 














 s = 2.0 mm
 s = 1.5 mm
 s = 1.0 mm
 s = 0.4 mm
 
Fig. 6. The full-wave simulated radiation patterns of gain with different width 
s´ of the first and last slots. 
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mode expansion method and the ERS method. By using the proposed 
method, a periodic LWA fed with a parabolic structure is presented, 
with a radiation null in the radiation pattern. The antenna is 
fabricated and measured. Both the simulated and experimental 
results show an obvious radiation null within the angular range 
around θ = 73.3°. The measured gain is 28.1 dBi, and it is illustrated 
that the proposed method does not have much impact to the gain, the 
beamwidth and the antenna efficiency. 
It should be noted that most of the existing methods of generating 
radiation null for LWAs are for uniform structures, so the method for 
periodic LWAs presented in this paper would serve to fill a gap in 
this research area. A salient advantage of the presented method is 
that it is easy to be implemented, as it only needs simple structural 
modifications to achieve good result of radiation null. 
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Fig. 9. The measured radiation patterns of gain in E plane at 23 GHz for the 
original LWA and the proposed LWA with radiation null. 
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Fig. 10. The measured radiation patterns of gain in H plane at 23 GHz for the 
original LWA and the new design with radiation null. 
